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Abstract
Based on the principle of hydrostatic bearing, in this study, 
several novel kinds of pistons were designed out, and the math-
ematic model of hydrostatic bearing on piston was established 
and analyzed. It was also found that, the diameter of damp-
ing hole and the width of pressure recess had impact on the 
radial load capacity of piston, the overall efficiency of axial 
piston motor, and the friction and wear capacity of piston. 
Results from tests shown that in the case of the pressure dif-
ference of 10MPa to 22MPa and the different speed of 500rpm 
to 2000rpm, the overall efficiency of axial piston motor could 
be improved by 0.1%-0.6%, compared to the ordinary piston. 
On the other hand, the wear scar of the piston modified was 
circular, and the one of the ordinary piston was longitudinal 
and deep, which shown that the piston modified could improve 
the wear capacity.
Keywords
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1 Introduction
A substantial portion of research today is concentrated on 
energy savings. In relation to the consumption of energy, effi-
ciency inevitably becomes a priority. It is thus necessary to 
reduce friction and to decrease wear so as to improve machines’ 
performances and to minimize energy losses. In the recent 
years, there are many researches on the friction between piston 
and cylinder boring. Kumar, S. and Bergama, J. M. clarified the 
effect of grooves cut along the pistons surface via studying the 
effect of the number of grooves and their location over the pis-
ton surface [1]. The piston attained different eccentricity posi-
tions during a stroke. The eccentricity of the piston affected 
the performance of the cylinder by influencing the frictional 
and leakage aspects [2]. The groove axial length, number and 
position had influence on the total side thrust acting on a spool 
inserted into a tapered clearance [3]. Fang, Y. and Shirakashi, 
M. presented a method for evaluating the lubrication charac-
teristics between the piston and cylinder in a swash-plate type 
axial piston pump-motor under mixed lubrication conditions 
[4]. Ivantysynova, M., et al. designed a new test device, which 
was developed to measure dynamic pressure fields and tem-
perature distribution in the gap between the piston and cylin-
der of swash plate axial piston machines [5], and established 
a novel thermal model for the piston/cylinder interface of pis-
ton machines [6], recently it was presented that waviness of 
the solid bodies actually reduced the power loss and improved 
lubrication on the fluid film surfaces of piston [7].
Wang, X. and Yamaguchi, A. had discussed that the load-
carrying capacity, power losses and stiffness of disk-type 
hydrostatic thrust bearings including the case of eccentric 
loading. The power loss due to leakage was slightly larger, 
but power loss due to friction was much smaller than in the 
case of hydraulic oil, which is in contrast to the study in the 
paper [8]. A numerical study concerning the performance of 
non-recessed hole-entry hybrid journal bearing lubricated with 
micro polar lubricants was presented [9]. A hydrostatic bear-
ing was described whereby the oil pockets and capillary feeds 
were incorporated in a stationary central shaft to support an 
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external rotor [10]. Nicodemus, ER. and Sharma, SC. studied 
analytically the performance of four-pocket orifice compensated 
hydrostatic/hybrid journal bearing system of various geometric 
shapes of recess operating with micro polar lubricant [11]. Per-
formance data were developed for a four-pocket bearing. The 
effects of rotation and the feeding system on the stiffness, load 
capacity, flow and attitude angle were discussed [12]. Gaber-
mann, M. developed an anti-stiction device called the airpel air 
cylinder, whose principle is similar to the study, to overcome 
the problem of stiction. It is a nearly frictionless air cylinder that 
virtually eliminates both starting and running friction using a 
unique combination of materials and a novel construction [13]. 
Belforte, G., et al. designed and developed pneumatic cylinders 
without mechanical seals in order to drastically reduce friction 
forces and allow continuous positioning by feedback control. 
The duct configuration by a central vent avoids any interference 
between chamber pressures [14]. However, so far few studies 
are available that focuses on the detail investigation of the pis-
ton based on the principle of hydrostatic bearing. The paper pre-
liminarily established the mathematic model of the piston fric-
tional pair under simplified conditions. On the other hand, five 
different kinds of pistons were tested under different operational 
conditions. The results presented in this study are expected to be 
quite useful for axial piston motor designers.
2 Mathematical model of hydraulic-static
bearing on piston
Fig. 1 shows schematic of a four-recess hydrostatic journal 
bearing system. The piston is equal to the shaft. The cylinder 
bore is equal to the hydrostatic bearing. During a stroke, the 
lateral force imposes on the piston, and the piston attains dif-
ferent eccentricity positions. When the oil with high pressure 
Ps flows into the cylinder bore, and flows into the port with low 
pressure T through radial damper and circular gap. Because of 
lateral force imposed on the piston, the piston migrates away 
from the center position. The top oil film is thicker than the 
bottom one, so the pressure Pb1 of the recess 1 is lower than the 
Fig. 1. Schematic of a four-recess hydrostatic journal bearing system
Fig. 2. Developed surface of bearing
Fig. 3. Developed surface of single groove
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one Pb3 of recess 3. Therefore, the pressure difference between 
Pb1 and Pb3 could push the piston to the direction of the center. 
The inner leakage from recess 3 to recess 1 in circular direction 
will occur, because the pressure of recess 3 is higher than the 
one of recess 1(shown as in Fig. 2). The x direction is defined 
as the axial direction, and the y direction is defined as the cir-
cumferential direction.
Just as shown in Fig. 3, it is the developed surface of single 
recess, the top row of hydrostatic bearing primarily imposes 
effect, because there is no axial oil flow for these rows except 
from the top one. Here the top row of hydrostatic bearing is 
only calculated.
3 Hydrostatic bearing leakage
Here it is assumed that the piston will move only parallel to 
cylinder boring, and the dimension tolerances are omitted.
3.1 Leakage between piston and cylinder bore
The flow rate from circular gap between the piston and cyl-
inder bore shown in Fig. 2.
The flow rate from circular gap between the piston and cyl-
inder bore shown in Fig. 4.
Where LT1 < L'T1, LT2 < L'T1, it can be gotten that Pavg > P'avg.
The additional power loss resulted from leakage compared 
to the unmodified structure
3.2 Load capacity model of hydrostatic bearing
The projection area Ab of single recess
The flow rate pasts through the damper
The flow rate Qb0 of oil flows out from a recess.
It is assumed that the oil only flows out in axial direction.
The pressure is equal in all the recesses without load. The 
flow rate Qb0 of oil which flows out from a recess is equal to the 
one which pasts through the damper.
Substituted the Eq. (12) and Eq. (13) into Eq. (14), then
From Eq. (14), the parameter of structure can be derived as.
(1)
(10)
(12)
(11)
(14)
(15)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(13)
(9)
Fig. 4. Schematic of leakage on piston-cylinder system
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The pressure ratio of λk
The load capacity W of hydrostatic bearing
The piston will migrate away from the center position under the 
load, so the oil film thickness of recess 1 and recess 3 will change.
The oil film thickness of recess 2 and recess 4 are equal, then
That is to say
Under the load condition of the piston, the flow rate is 
divided into the axial and circumferential flow rate.
According to the flow continuity equation, then
Substituted Eqs. (11), (22) and (23) into Eq.(24)
Then
Defined as
Then
It can be derived from Eq. (28)
Where
Then
The pressure of recess 1 can be gotten according to the 
method above
(16)
(27)
(22)
(29)
(30)
(31)
(23)
(25)
(26)
(17)
(20)
(21)
(28)
(24)
(18)
(19)
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Defined as
Then
Substituted Eqs. (30) and (32) into Eq. (17), then
The friction force can be derived as
The power loss resulted from friction
The velocity of piston
The power loss improvement for single piston
It is obvious: pf >> pL, the power loss due to friction is much 
larger than the one due to leakage in the case of hydraulic oil [8]. 
So the efficiency improvement of axial piston motor
The input power of axial piston motor
Then
The relative parameters can be substituted, Fig. 5a and Fig. 5b 
can be gotten.
From Fig. 5a, when the recess width is 1 mm, under differ-
ent diameters of damping hole 0.5 mm, 0.8 mm, 1 mm, the 
(38) (40)
(39)
(32)
(33)
(34)
(35)
(37)
(36)
a.
b.
Fig. 5. Variation of efficiency improvement percentage with cylinder angle
Fig. 6. Test of overall efficiency for axial piston motor on test rig
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efficiency improvement percentage will change following sine 
curve with the rotatory angle of cylinder.
From Fig. 5b, for the case of the diameter of damping hole 
0.8 mm and different recess width 1 mm, 2 mm, 3 mm, the 
efficiency improvement percentage will change following sine 
curve with the rotatory angle of cylinder.
The variation of recess width has more effect on the effi-
ciency improvement percentage compared to the variation of 
damping hole diameter. During the rotation of cylinder, the 
efficiency improvement percentage is variable.
4 Test of verification
4.1 Efficiency test
Fig. 6 shows the test rig of axial piston motor, the motor has two 
stage speeds, so the pilot port can rotate the swash plate in order 
to change the displacement. When adjusting a certain operation, 
writing the results of test such as pressure, flow, torque, speed. The 
capabilities of the bench are a maximum shaft speed of 3500 rpm, 
a maximum supply pressure of 35 MPa, a maximum load torque of 
500 N∙m and a maximum supply flow rate of 150 L/min. In order 
to ensure a high level of repeatability, the tests are repeated at least 
three times during the course of operation. All tests have been car-
ried out using ISO VG32 mineral oil, which is used to supply the 
test bench. Because the circumference temperature is 30 degree, 
and the temperature of oil can rise up to 65 degree, the oil with low 
viscosity is adapted. The uncertainty levels of the measurement 
devices on the test rig are given in Table 1.
Fig. 7 shows the picture of pistons based on the principle 
of hydrostatic bearing, inside the recess the damper is drilled, 
Brazing the block between the two dampers. The tested pis-
tons are made of 38 CrMnAl steel, which is carburized, case 
hardened, tempered and Maag criss-cross ground. The surface 
hardness is HRC = 56 ± 2 and the case hardness depth (CHD) 
is 0.6 to 0.9 mm (Eht).
Fig. 8 illustrates variation of overall efficiency of axial piston 
motor with velocity under different diameters. When the diameter 
of the damper is 0.8 mm, the overall efficiency of axial piston 
motor is highest among all the specimens; at the case of the diam-
eter of the damper 0.5 mm, the overall efficiency of axial piston 
motor lists the second one among all the specimens; the overall 
efficiency of axial piston motor fixed the original piston is lowest 
among all the specimens; and with the increase of the rotation 
rate, the overall efficiency of axial piston motor decreases.
Fig. 9 illustrates variation of overall efficiency of axial piston 
motor with pressure under different diameters .When the diam-
eter of the damper is 0.8 mm, the overall efficiency of axial 
piston motor is highest among all the specimens; at the case of 
diameter of the damper 0.5 mm, the overall efficiency of axial 
piston motor lists the second one among all the specimens; the 
overall efficiency of axial piston motor fixed original piston 
is lowest among all the specimens; and with the increase of 
pressure, the overall efficiency of axial piston motor increases. 
For a certain value of supply pressure and damper diameter, 
the decreasing of the bearing hydraulic resistance is due to the 
increasing of damper diameter.
Fig. 10 illustrates variation of overall efficiency of axial pis-
ton motor with velocity under different width. When the width 
of the recess is 1 mm, the overall efficiency of axial piston 
motor is highest among all the specimens; at the case of the 
width of the recess 3 mm, the overall efficiency of axial piston 
motor lists the second one among all the specimens; the overall 
efficiency of axial piston motor fixed the original piston is low-
est among all the specimens; and with the increase of velocity, 
the overall efficiency of axial piston motor decreases.
Fig. 11 illustrates variation of overall efficiency of axial piston 
motor with pressure under different width. When the width of the 
recess is 1mm, the overall efficiency of axial piston motor is high-
est among all the specimens; at the case of the width of the recess 
3 mm, the overall efficiency of axial piston motor lists the second 
one among all the specimens; the overall efficiency of axial pis-
ton motor fixed the piston is lowest among all the specimens; and 
with the increase of pressure, the overall efficiency of axial piston 
motor increases. For a certain value of supply pressure and damper 
diameter, although the load capacity in theory increases with the 
increasing of recess width, the experimental result is not in agree-
ment with it, because of the decreasing of supporting area. As a 
whole, the width of recess and diameter of damper have impact on 
the load capacity of circular oil film on between piston and cylinder 
bore. The test result is nearly in agreement with the theory result.
Tab. 1. Measurements uncertainties
Measurement Uncertainty
Speed 0.5%
Pressure 0.5%
Torque 0.5%
Power 0.5%
Flow 0.5%
Fig. 7. Hydrostatic bearing piston
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4.2 Friction test
Just as shown in Fig. 12, it presents the comparison between 
normal wear pattern and modified wear pattern in the same 
magnification times 500 ×. The friction pattern shown in 
Fig. 12b, the normal wear pattern on piston without hydrostatic 
recess, the width of abrasion on the surface of piston are wider, 
there are obvious circumferential pattern. On the other hand, 
Fig. 12c, it is the modified wear pattern on piston with hydro-
static recess, the patterns of abrasion on the surface of piston 
are thin, there are no obvious circumferential pattern.
Fig. 10. Variation of overall efficiency with velocity under  
different width
Fig. 9. Variation of overall efficiency with pressure under  
different diameters
Fig. 11. Variation of overall efficiency with pressure under 
different width
Fig. 8. Variation of overall efficiency with velocity under  
different diameters
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5 Conclusions
At the case of the overall efficiency of axial piston motor 
fixed the piston with different diameter damper. When the 
diameter of the damper is 0.8 mm, the overall efficiency of 
axial piston motor is highest among all the specimens; at the 
case of the diameter of the damper 0.5 mm, the overall effi-
ciency of axial piston motor lists the second one among all the 
specimens; the one of axial piston motor fixed the original pis-
ton is lowest among all the specimens. The improvement of 
overall efficiency of axial piston motor is up to 0.25% or so.
At the case of the overall efficiency of axial piston motor 
fixed the piston with different width recess. When the width of 
the recess is 1mm, the overall efficiency of axial piston motor 
is highest among all the specimens; at the case of the width of 
the recess 3mm, the overall efficiency of axial piston motor 
lists the second one among all the specimens; the one of axial 
piston motor fixed the original piston is lowest among all the 
specimens. The improvement of overall efficiency of axial pis-
ton motor is up to 0.4% or so.
As a whole, at a certain operational condition, the suitable param-
eters of hydrostatic bearing on the surface of the piston can produce 
hydrostatic force. Because the load-carrying capacity is improved, 
the frictional force is reduced. So the overall efficiency of axial pis-
ton motor will be improved largely, while the ability of torsion can 
be improved. There is the potential use of hydrostatic bearing on the 
piston, on the improvement of overall efficiency of axial piston motor.
Fig. 12. Comparison between normal wear pattern and modified wear pat-
tern (a. micro view, b. normal wear pattern, c. modified wear pattern)
a. b. c.
Nomenclature
Ab :projection area of hydrostatic bearing, m
2
br :width of recess, m
Cd :flow coefficient, 0.65
d :diameter of piston, 18.2 × 10-3 m
d0 :diameter of damper, m
e :eccentricity, m
Ff :frictional force, N
h0 :average oil film thickness, 0.02 × 10
-3 m
h1 :oil film thickness of recess1, m
h2 :oil film thickness of recess2, m
h3 :oil film thickness of recess3, m
h4  :oil film thickness of recess4, m
L :lenght of axial seal, 2 × 10-3 m
LT1 :shortest seal length modified, 9.1 × 10-3 m
LT2 :longest seal length modified, 33.75 × 10
-3 m
L'T1 :shortest seal length unmodified, 25.1 × 10
-3 m
L'T2 :longest seal length unmodified, 42.4 × 10
-3 m
n :rotatory speed of axial piston motor, 2000 rpm
N :number of hydrostatic bearing on piston
Pa :input power of axial piston motor, w
Pavg :power loss modified, w
P'avg :power loss unmodified, w
Pb0 :pressure inside oil recess without load, Pa
Pb1 :pressure of recess 1, Pa
Pb2 :pressure of recess 2, Pa
Pb3 :pressure of recess 3, Pa
Pb4 :pressure of recess 4, Pa
Pf :power loss resulted from frictional force,w
PL :power loss resulted from leakage compared
 :to the unmodified structure,w
Ps :system pressure, Pa
Psav :power conservation, w
Qavg :average amount of leakage modified, m
3/s
Qb0 :axial leakage amount without load, m
3/s
Q
Axial :leakage amount of axial direction, m
3/s
QInner :leakage amount of side direction, m
3/s
QT1 :leakage of shortest seal length modified, m
3/s
QT2 :leakage of longest seal length modified, m
3/s
Q'Avg :average amount of  leakage unmodified, m
3/s
Q'b0 :damper leakage amount without load, m
3/s
Q'T1 :leakage amount of shortest seal length 
 :unmodified, m3/s
Q'T2 :leakage amount of longest seal length 
 :unmodified, m3/s
r :radius of piston
R :radius of pitch circle located piston on
 :cylinder, 36.5 × 10-3 m
T :tanker pressure,0Pa
W :load capacity, N
WL :circumferential distance between two recesses
 :on the surface of piston, m
ν :velocity, m/s
V :displacement of motor, 53 × 10-6103 m/r
X, Y :cartesian coordinates, m
Z :half piston number, 9
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